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013.04.0Abstract An experimental method and a theoretical analysis based on continuum damage mechan-
ics are applied for the defects tolerance of ﬁxed plate. The defects type studied in this article is scratch,
which is considered a typical defect on ﬁxed plate according to the engineering practice. The general
approach to the defects tolerance analysis of scratched ﬁxed plate is presented. The method of fatigue
life prediction for standard notched specimens has been established on the basis of continuumdamage
mechanics. For the purpose of obtaining the inﬂuence law of fatigue life in consequence of scratches,
fatigue experiments of standard notched specimens and scratched specimens have been done. Evalu-
ation of the fatigue life of scratched ﬁxed plate has been carried out. And the value of scratch defects
permissible to the condition of safety service life has been worked out. According to the results of the-
oretical calculations, the fatigue experiment of scratched ﬁxed plate has been performed. The outcome
shows that the theoretical prediction tallies with the experimental results.
ª 2013 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
In the process of product manufacturing and assembling, some
defects tend to be generated on the surface of the structures
due to accidental scratches and bumps. The forms of typical
defects involve pits, scratches and other defects. These initial82317017.
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17defects can decrease the fatigue life of structures,1 and this ef-
fect is dependent on the magnitude of the defects. If all the
structures with defects are considered to be rejected products,
it will be a kind of waste because some structures with defects
are enabled to sustain cyclic loading and meet the fatigue life
requirement. Defects tolerance is deﬁned as the permissible size
of the initial defects in manufacturing and assembling. Based
on defects tolerance, the safety life design takes into account
the impacts of environment, internal or unexpected damages
as well as identiﬁcation of damage position and damage mode,
and such a design conception is regarded as a more reasonable
method in the design of aircraft structures.
The ﬁxed plate is a common component in helicopters for
transmitting loads from the ﬂight system to the rotor blades.
In the investigation of engineering practice, slight scratches
caused by accidental factors are often found on the ﬁxed plateSAA & BUAA. Open access under CC BY-NC-ND license.
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can inﬂuence the service life of ﬁxed plate, and the position of
scratches is always the fatigue source.2,3 It is very difﬁcult to
give quantitative evaluation of the impact of scratch. For the
purpose of evaluating fatigue life of component in a reasonable
way and ensuring the helicopter ﬂight safety, it is of signiﬁcant
importance to present the approach to life prediction for the
scratched ﬁxed plate and deﬁne the permissive size of scratch.
The typical defect studied by this article is scratch.According to
the continuum damage mechanics theory,4–7 differences between
ﬁxed plate with andwithout the scratch lie in two aspects i.e. differ-
ent initial damage degrees and different local stress ﬁelds at the
position of scratch. Studies should be started from the two differ-
ences. In general, under the same cyclic loading, the greater the ini-
tial damage degree, the shorter the fatigue life of the components.
Characteristics of local stress ﬁeld canbe reﬂectedby the stress con-
centration factor. Considerable fatigue failure accidents and exper-
imental studies have shown that the fatigue source always occurs in
the area of stress concentration,8,9 and the greater the stress con-
centration factor, the shorter the fatigue life of the components un-
der the same cyclic loading.
Contents of studies in this article include the following four
aspects:
(1) Establishment of fatigue life prediction method for
notched specimen on the basis of continuum damage
mechanics.
(2) Stepwise experimental studies on scratch induced mate-
rial fatigue properties variation. Firstly, considering the
resemblance of scratched specimen and notched specimen
in fatigue properties, standard notched specimen fatigue
experiment has been done when elastic stress concentra-
tion coefﬁcient KT = 3, and basic fatigue properties of
material have been obtained. Then, fatigue experiments
of three sets of standard specimen with different scratch
depths have been conducted. Scratch defects have three
categories according to their sizes determined by ﬁnite ele-
ment method i.e. major scratch defect, moderate scratch
defect and minor scratch defect. Finally, parameters of
scratched specimen fatigue properties have beenmodiﬁed
according to the fatigue properties curve when KT = 3.
(3) Scratched ﬁxed plate fatigue life prediction based on
parameters of scratched specimen fatigue properties,
and theoretical calculation of the maximum permissible
size of defects.
(4) Experiment of scratched ﬁxed plate fatigue life for reli-
ability veriﬁcation of the above-mentioned theoretical
studies and experimental method.
2. Fatigue life prediction for notched specimens based on damage
mechanics
2.1. Damage degree and constitutive relation
Under cyclic loading, many micro-defects (micro-pores, micro-
cracks, etc.) in materials are developed, and in the wake of
formation, growth and concentration of such micro-defects,
mechanical properties of the material will gradually deterio-
rate, which brings about material failure in the end. Micro-
defects of different shapes and sizes in material are in randomand discrete distribution. The theory of continuum damage
mechanics is applied to describing the mechanical properties
deterioration of metallic materials.10,11
Based on the elastic theory, the constitutive relation for iso-
tropic materials without damage is
rij ¼ dijkdklekl þ 2leij ð1Þ
where rij, eij and ekl stand for stress components and strain
components, respectively; dij and dkl are Kronecker delta; k
and l are Lame constants:
k ¼ Emð1þ mÞð1 2mÞ
l ¼ G ¼ E
2ð1þ mÞ
8><
>: ð2Þ
where E is the elastic modulus without damages, m the Poisson
ratio, and G the shear modulus.
For isotropic materials, the damage variable D is used to
represent the stiffness deterioration under the fatigue load. It
can be deﬁned as12
D ¼ E ED
E
ð0 6 D 6 1Þ ð3Þ
where ED is the elastic modulus with damages. As ED ranges
from 0 to E, D varies between 0 and 1.
In the theory of isotropic damage, m has nothing to do with
the damage extent D. Based on Eqs. (2) and (3), the Lame con-
stants with damages can be obtained:
kD ¼ ð1DÞk
lD ¼ ð1DÞl

ð4Þ
According to Eqs. (1) and (4), the constitutive relation with dam-
ages is obtained by substituting kD and lD for k and l respectively:
rij ¼ ð1DÞdijkdklekl þ 2ð1DÞleij ð5Þ
In the case of the uniaxial load, Eq. (5) is reduced to
r ¼ Eð1DÞe ð6Þ2.2. Damage evolution equation
As fatigue failure is an irreversible thermodynamic process, by
referring the law of thermodynamics, the damage driving force
can be expressed as follows13:
Y ¼  oW
oD
¼ 1
2
Ee2 ¼ W
1D ð7Þ
The damage evolution equation is assumed as follows,
which satisﬁes the following criteria:
(1) When Ymax > Yth,km
dD
dN
¼ bk
ðY1=2max  Y1=2th;kmÞ
mk
ð1DÞmk ð8Þ
(2) When Ymax 6 Yth,km
dD
dN
¼ 0 ð9Þ
where bk and mk are material parameters, Ymax is the
maximum value of the damage driving force, and Yth,km, the
threshold of the damage driving force. They are all related to
material properties, machining state, stress concentration state,
cyclic stress characteristic etc.
Fig. 1 Experiment points and ﬁtting curve of standard speci-
mens when KT = 3 and R= 0.05.
Table 1 Static properties of LY7075T75 aluminum alloy
material.
Table 2 Material parameters obtained from experiment when
KT = 3 and R= 0.05.
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According to the theory of conservative integral of damage
mechanics, strain energy density at the point of stress concen-
tration is invariant under the circumstance of small scale dam-
age.14 Therefore,
W ¼W0 ð10Þ
where W is the strain energy density with damages, and W0 is
the strain energy density without damages.
Then, the equal proportion assumption of stress compo-
nents with damages and without damages is introduced. So
are the strain components under the conditions of linear elas-
ticity. Thus the relation between strain with damages and with-
out damages is developed:
ek;D;max ¼ ek;0;maxﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1Dp ð11Þ
ekm;D;th ¼ ekm;thﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1Dp ð12Þ
where ek,D,max and ek,0,max are the maximum strains with dam-
ages and without damages respectively when KT > 1. ekm,D,th
and ekm,th are the thresholds of strain with damages and with-
out damages respectively when KT > 1.
From Eqs. (7) and (8), when KT > 1, the damage evolution
equation is derived as follows:
dD
dN
¼ ak ðek;D;max  ekm;D;thÞ
mk
ð1DÞmk ð13Þ
where ak and mk are damage evolution parameters, related to
material properties, machining state, stress concentration state,
cyclic stress characteristics, etc. And ak ¼ bkðE=2Þmk=2.
In addition, the constitutive relation when there is no dam-
age is represented as
ek;0;max ¼ 1
E
rk;0;max ð14Þ
eth;km ¼ 1
E
rth;km ð15Þ
where rk,0,max is the maximum stress without damages when
KT > 1, and rth,km is the threshold of stress without damages
when KT > 1,
Based on Eqs. (11), (12), (14), and (15), and integrating Eq.
(13), we derive the mean fatigue crack initiation life when
KT > 1 as follows:
lgNf ¼ lg E
mk
ak 32mk þ 1
  ð1D0;kmÞ32mkþ1
" #
mk lgðrk;0;max  rth;kmÞ ð16Þ
where D0,km is the initial damage when KT > 1. Eq. (16) is
called the closed solution for the crack initiation life prediction
when KT > 1.
3. Determination of defects tolerance for ﬁxed plate
3.1. Fatigue experiments and parameter identiﬁcation
For the purpose of obtaining the defects tolerance of the ﬁxed
plate, we give the priority to studies on the inﬂuence on mate-
rial fatigue properties caused by scratches. Considering the
resemblance of fatigue properties between scratched specimens
and notched specimens,15 we conduct a fatigue experiment ofstandard notched specimens when KT = 3. The static proper-
ties of the material are listed in Table 1. The experiment points
and ﬁtting curve (stress ratio R= 0.05) are shown in Fig. 1, in
which Smax is stress level, and N cycle times. Using the least
square method, parameters16 when KT = 3 obtained from
the experimental results are listed in Table 2. These parameters
will be used to modify the parameters under the conditions of
scratched specimens.
The parameters are obtained from the experiment of
notched specimens when KT = 3 cannot completely reﬂect
the effect of the scratches. We need more experiments to prove
the inﬂuence law of scratches. Fatigue experiments on stan-
dard specimens with different sizes of scratches are performed.
Each size of scratch is determined by referring to the calcula-
tion result of the ﬁnite element method, has three different
depths with the same bottom corner radius. The shapes of
the scratches are shown in Figs. 2–4. The depths of the
scratches are 0.556 mm, 0.321 mm and 0.051 mm, respectively,
and the bottom corner radius is 0.168 mm. The fatigue exper-
iment results of standard specimens with different sizes of
scratches are listed in Table 3.We make the assumption that the scratched specimens can
result in the variation of initial damage degrees and stress
thresholds compared with the notched specimens. That is to
say, the parameters of ak and mk determined from the notched
specimens can be applied to the damage evolution equation of
Fig. 2 Scratch with depth of 0.556 mm.
Fig. 3 Scratch with depth of 0.321 mm.
Fig. 4 Scratch with depth of 0.051 mm.
Fig. 5 All the ﬁtting curves and experiment mean points.
Table 3 Fatigue experimental results of standard specimens with d
Depth of scratch (mm) Nominal stress (MPa) The maximum stre
0.556 80 390
80 390
80 390
80 390
75 366
75 366
0.321 140 494
140 494
115 432
115 432
115 432
0.051 270 487
270 487
210 404
210 404
210 404
210 404
210 404
210 404
1198 Z. Zhan et al.scratched specimens, and the parameters of D0,km and rth
should be modiﬁed. All the ﬁtting curves of scratched speci-
mens following the above assumption are shown in Fig. 5.
The damage evolution parameters of scratched specimens are
listed in Table 4.
3.2. Stress analysis of scratched ﬁxed plate
3.2.1. Determination of dangerous location on ﬁxed plate
As there are many possible initial defects on the ﬁxed plate, it
is impossible to preset defects on each position of stress con-
centration for defects tolerance permissive value calculation.
What we can do is to preset scratches on the most dangerous
position. At ﬁrst, according to the ﬁnite-element result of the
ﬁxed plate without defects, as shown in Fig. 6, we obtain the
maximum stress and its position, where is to be for scratch pre-
setting. The structure diagram of the scratched ﬁxed plate is
shown in Fig. 7.ifferent sizes of scratches.
ss (MPa) Fatigue life (Cycle) Mean life (Cycle)
396884 302114 194514
79639 92459
220201 323642
88925 366262
4678161 401044 1326482
888131 1858066
109870 120279 133385
161220 148572
698257 220101 299654
456524 305329
168721
123959 165020 135545
101759 162160
925172 6510171 1577553
6319394 945153
612486 948052
10000000 10000000
1577553 10000000
625007
Fig. 7 Structure diagram of scratched ﬁxed plate.
Fig. 8 ANSYS model of ﬁxed plate with defects.
Fig. 9 The equivalent stress analyses of the ﬁxed plate model
with a scratch of 0.12 mm.
Fig. 10 Equivalent stress analyses of ﬁxed plate model with a
scratch of 0.09 mm.
Table 4 Material parameters in damage evolution equation ﬁtted by experimental fatigue curve of
LY7075T75 aluminum alloy (R= 0.05).
Depth of scratch (mm) KT rth (MPa) mk ak D0,km
0.556 3.77 359 1.0894 0.0045 0.16
0.321 3.37 400 1.0894 0.0045 0.01
0.051 2.07 398 1.0894 0.0045 0.02
Fig. 6 Equivalent stress of ﬁxed plate without defects.
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Weassume that there are three kinds of scratches, with depths of
0.12, 0.09 and 0.08 mm, respectively. The ANSYS model of the
ﬁxed plate with defects is shown in Fig. 8. The equivalent stress
analysis diagrams are given in Figs. 9–11. All the stress analyses
of maximum equivalent elements are listed in Table 5. Before
using the numerical results to verify the effectiveness of the the-
oretical approach, the convergence of all numerical results has
been veriﬁed and the meshing scheme is stable enough. As the
experimental loads are Fmin = 550 N and Fmax = 11000 N, we
can work out the corresponding stress ratio, which is
R= 0.05. In order to ensure safety in engineering, the results
of KT = 2.07 have been adopted as the damage evolution
parameters which will be used in the calculation of fatigue life.17
3.3. Fatigue life prediction for scratched ﬁxed plate
Under the multiaxial loading conditions, the strain energy den-
sity can be expressed as follows:
Fig. 11 Equivalent stress analyses of ﬁxed plate model with a
scratch of 0.08 mm.
Table 7 Fatigue experiment results of
scratched ﬁxed plate.
Specimen No. Fatigue life (cycle)
1 2000000
2 157320
3 2000000
Table 6 Damage mechanics equivalent stresses.
Scratch (mm) Element No. rd (MPa) Closed solution of
fatigue life (cycle)
0.12 651072 449.352 280743
0.09 86584 424.414 593757
0.08 125545 418.732 760017
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2
ðrxex þ ryey þ rzez þ sxycxy þ syzcyz þ szxczxÞ ð17Þ
Degradating into uniaxial loading conditions, and consider-
ing W ¼ r2d=ð2EdÞ; rd is damage mechanics equivalent stresses
and Ed the elastic modulus with damage. We can deﬁne dam-
age mechanics equivalent stress as follows:
rd ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð
X
r2k  2lð
X
rmrnÞ þ 2ð1þ lÞ
X
s2ij
q
ð18Þ
whereP
r2k ¼ r2x þ r2y þ r2zP
rmrn ¼ ryrz þ rzrx þ rxryP
s2ij ¼ s2yz þ s2zx þ s2xy
8><
>:
Substituting data given in Table 5 to Eq. (18), we can ob-
tain the damage mechanics equivalent stresses, which are listed
in Table 6.
According to the experiment requirement of structure com-
ponents, under the effect of experiment load conditions, the fa-
tigue life of structures should be equal to or over 500000 times.
Therefore, it is safe and appropriate when the preset defect is
0.09 mm. That is, the defect tolerance of the ﬁxed plate with
defects is 0.09 mm.
3.4. Experimental veriﬁcation
Fatigue experiments of a scratched ﬁxed plate are conducted
with the depth of the scratch being 0.09 mm. The experimental
results are shown in Table 7.
Conclusions can be drawn from the comparison between
the theoretical life and experimental life. First, theoretical life
falls in the range of three experimental lives. Second, the life
of two experiment pieces is over two million times, which
means that the fatigue life of the experiment pieces should fall
into the long life range and the maximum stress of preset de-Table 5 Stress analyses of the maximum equivalent elements.
Scratch (mm) Element No. rx (MPa) ry (MPa)
0.12 651072 71.657 422.681
0.09 86584 53.810 407.735
0.08 125545 80.920 391.598fects has not been into the plastic zone which is in accordance
with the calculation results of the theoretical analysis. How-
ever, because of the large dispersion of fatigue experiments re-
sults, if we want to reach more reliable conclusions about the
experimental results, more experiments are required. Third,
under the effect of experiment loads, the target life of the ﬁxed
plate is about 500 thousand times. Therefore, according to the
experimental results, if the same preset defects occur on the
other positions of the ﬁxed plate, the structure can satisfy
the requirements of the target life.
4. Conclusion remarks
In this paper, based on continuum damage mechanics, an
experimental method and theoretical analysis are applied to
testing the defects tolerance of ﬁxed plate. A general approach
to the defect tolerance analysis of scratched ﬁxed plate is pre-
sented. According to the results of theoretical calculations, the
fatigue experiment of scratched ﬁxed plate is performed. Some
of the main results can be summarized as follows:
(1) Through theoretical derivation, the damage evolution
equation of notched pieces is established, which is
applied to the life prediction of scratched structure.
(2) Based on the fatigue experimental results of standard
notched specimens and scratched specimens, the inﬂu-
ence on the fatigue life caused by scratches is identiﬁed,
and damage evolution parameters are obtained.
(3) According to the damage evolution equation and dam-
age evolution parameters, the fatigue life of the
scratched structures is calculated and the permissive
value of defects tolerance on the structures is obtained.
(4) The method of defect tolerance prediction under the
condition of safety service life is established, the applica-
bility of which is veriﬁed by the experiments on the
structures.rz (MPa) sxy (MPa) syz (MPa) szx (MPa)
43.061 77.772 14.442 0.548
59.446 51.534 8.0116 12.059
54.246 66.399 15.873 12.064
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standard structure, the results obtained by theoretical
calculations and experiment method can be seen as a ref-
erence value.
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